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ABSTRACT 


Chemically  vapor  deposited  (CVD)  silicon  carbide  (SiC)  is  a 
serious  candidate  for  the  mirror  substrate  required  for  high- 
quality,  reflective  optics  based  on  mechanical,  optical,  and 
thermal  properties  obtained  from  research  quantities  of  material. 
Until  recently,  sufficient  quantities  of  bulk  material  were  not 
available  for  obtaining  statistically  valid  quantities  of  data 
required  for  brittle  material  lifetime  predictions. 

The  primary  purpose  of  this  material  characterization  study 
was  to  obtain  sufficient  mechanical  property  data  for  CVD  SiC  to 
determine  the  Weibull  and  slow  crack  growth  parameters.  Data  was 
obtained  on  flexural  strength  (four-point  bend)  specimens  taken 
from  a  bulk  piece  of  material  originally  0.5  m  in  diameter  by 
approximately  25  mm  thick.  Specimens  were  cut  from  various 
locations  within  the  material  to  allow  for  a  statistical  analysis 
to  determine  material  property  homogeneity  throughout  the  bulk. 

In  addition  to  the  mechanical  strength,  crystallography, 
microstructure,  fracture  toughness,  hardness,  thermal  expansion, 
thermal  diffusivity,  specific  heat,  optical  absorption,  and 
reflectivity  were  studied.  Raman  spectrographic  analysis  was  also 
used  to  determine  if  residual  stress  was  present  in  the  bulk 
material . 

The  conclusions  from  this  study  were  that  chemical  vapor 
deposited  silicon  carbide  can  be  produced  which  is  pure, 
homogeneous,  fine  grained  material.  The  samples  evaluated 
exhibited  very  good  mechanical,  optical,  and  thermal  properties 
when  compared  to  other  materials  being  considered  for  optical 
substrates . 
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INTRODUCTION 

Objective 

For  several  years  Morton  International  (MI)  was  supported  by  the  Air  Force/SDIO 
to  perform  research  and  development  of  fabrication  methods  for  preparing  cubic  (p)  silicon 
carbide  (SiC)  by  chemical  vapor  deposition  (CVD)  for  optics  applications.  Earlier 
characterization  of  the  material  taken  from  various  research  fabrication  processing  runs 
indicated  that  the  material  had  extremely  high-purity,  was  very  homogeneous,  with  high 
average  strength  and  Young's  modulus  values  for  a  polycrystalline  ceramic  material.  During 
the  development  process,  however,  the  results  of  various  characterization  studies  were 
somewhat  inconsistent,  as  MI  worked  to  improve  control  over  its  process,  while  scaling 
equipment  to  fabricate  1.5  m  diameter  pieces  up  to  25  mm  thick.  There  was  an  insufficient 
amount  of  material  and  inadequate  funding  available  to  prepare  a  statistically  meaningful 
compilation  of  material  property  data.  It  became  apparent  during  the  final  phase  of  the 
program  that  an  extensive  material  characterization  study,  producing  consistent,  reliable 
values,  would  be  necessary  if  designers  were  to  have  sufficient  confidence  in  the  lifetime 
predictions  required  for  incorporating  the  material  into  their  optical  systems. 

The  objective  of  this  program  was  to  provide  the  required  thermal,  mechanical,  and 
optical  property  data  for  SiC  synthesized  by  the  CVD  process.  This  was  necessary  to  establish 
a  validated  design  guide  for  use  of  this  material  in  critical  optical/  structural  applications. 
Major  emphasis  was  placed  on  obtaining  sufficient  mechanical  property  data  to  determine 
Weibull  and  slow  crack  growth  parameters.  An  analysis  of  variance  (ANOVA)  was  also 
performed  to  determine  if  significant  differences  in  mechanical  strength  existed  in  specimens 
obtained  from  different  locations  in  the  bulk  material.  The  measurement  of  thermal  properties, 
conductivity,  diffusivity,  specific  heat,  and  coefficient  of  thermal  expansion  (CTE)  as  well  as 
some  optical  properties  were  also  performed. 

The  test  matrix  design  for  this  study  and  the  test  procedures  used  to  acquire  the  data 
were  based  on  UDRI's  past  experience  in  dealing  with  lifetime  predictions  for  brittle  materials 
being  used  in  structural  applications. 

APPROACH 

The  Government  provided  bulk  CVD  silicon  carbide  prepared  by  Morton  International 
in  sufficient  amounts  to  conduct  this  study.  The  bulk  material  was  representative  of  the  best 
material  prepared  in  an  Air  Force/SDIO-sponsored  material  development  program  at  MI. 

That  program  demonstrated  that  careful  control  of  CVD  processing  parameters  produced 
material  with  reproducible  mechanical  and  optical  properties.  UDRI  verified  this  consistency 
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by  choosing  random  samples  of  new  material  from  the  scaled-up  prtxess  and  comparing  them 
with  data  taken  from  material  made  during  the  development  phase.  Both  materials  were  made 
using  identical  techniques,  the  original  material  was  made  in  small  experimental  furnaces 
when*  uore  precise  control  was  possible. 

BACKGROUND 

Design  engineers  have  long  recognized  the  need  for  establishing  statistically 
significant  property  values  for  structural  material.  Because  of  their  ductility  and  associated 
plastic  deformation,  the  prediction  of  failure  of  metals  can  be  quite  precise.  On  the  other  hand, 
ceramics  typically  do  not  exhibit  ductile  behavior  and  their  mechanical  failure  is  much  less 
certain.  Structures  made  of  ceramics  most  often  fail  in  tension  at  a  flaw  on  the  object's  surface. 
Typically,  the  flaw  is  .small  and  cannot  be  easily  detected.  The  Haw  tip  is  usually  quite  sharp 
(of  atomic  dimensions)  and,  unlike  metals,  does  not  blunt  when  put  in  tension  due  to  the  lack 
of  pla.stic  flow.  Catastrophic  failure  occurs  at  stresses  dependent  on  the  statistical  distribution 
of  surface  flaws;  thus,  the  relative  unpredictability  of  the  failure  conditions. 

Regardless  of  their  brittle  behavior,  ceramics  have  come  to  the  foreground  of  materials 
research  because  of  their  unique  properties.  These  include  high  specific  stiffness,  chemical 
stability  in  severe  environments,  strength  retention  at  elevated  temperatures,  dimensional 
stability  over  large  temperature  excursions,  a  wide  range  of  thermal  properties,  and  in  some 
materials,  excellent  optical  properties  over  a  wide  spectral  range. 

Despite  the  lack  of  precision  in  predicting  a  ceramic  object's  mechanical  strength, 
systems  can  be  appropriately  designed  using  these  materials  in  structural  applications.  With 
a  reliable  property  values  established,  designers  can  have  a  high  degree  of  confidence  that 
a  ceramic  component  will  survive  in  use.  It  is  important  that  data  collection  be  sufficiently 
complete  to  ensure  a  design  ba.sed  on  the  data  is  neither  overly  conservative  or  dangerously 
underdesigned. 

Technical  approach 

The  primary  goal  of  the  program  was  to  obtain  sufficient  mechanical  property  data  for 
CVD  SiC,  to  perform  a  meaningful  analysis,  and  provide  design  engineers  with  the  tools  for 
lifetime  prediction.  Due  to  the  variation  of  flaw  sizes  that  lead  to  failure  in  a  brittle  material, 
statistical  methods  must  be  used  to  analyze  mechanical  property  strength  data.  Acceptable 
methods  have  been  found  that  use  the  Weibull  distribution  function  as  the  basis  for  determining 
the  statistical  parameters  required  to  predict  the  probability  of  failure  for  a  brittle  ceramic 
material.  Over  the  past  20  years,  .several  models  using  the  Weibull  parameters  have  been 
developed  for  use  in  designing  structural  optical  components. 
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Weibull  Analysis 


The  Weibull  two-parameter  statistical  strength  model  is  most  often  used  to  characterize 
the  strength  of  brittle  materials  [  1  ].  The  probability,  F,  that  a  component  or  specimen  will  fail 
at  a  surface  flaw  is  given  by. 


F  = 


-exp  {  -  I 


a 

a,. 


dS 


(1) 


F  =  0  for  c  <  0 


Note:  in  =  meters 

m  =  Weibull  modulus 

where  a  is  the  applied  stress,  Oo  is  the  Weibull  scale  parameter,  and  m  is  the  Weibull  modulus. 
For  this  analysis  it  was  assumed  that  principal  stresses  act  independently  and  that  failure  can 
occur  at  applied  stress  levels  approaching  zero.  Th*  integration  is  carried  out  over  the  tensile 
surface  since  it  is  also  assumed  that  the  probability  of  a  compressive  failure  is  negligible  [2]. 

It  may  be  noted  that  the  probability  of  survival,  defined  as  the  reliability.  R.  is  equal  to  1-F. 

For  this  effort,  the  two-parameter  Weibull  model  was  used  to  characterize  the  surface 
strength  of  CVD  SiC  specimens  evaluated  using  four-point  bend  flexure  tests  [3J.  The 
probability  that  a  flexure  test  specimen  will  survive  a  given  maximum  outer-fiber  tensile  stress, 
a,  is  given  by  the  reliability,  R; 

R  =  exp{-[a/p]'”  }  (2) 

where  P  is  the  Weibull  test  scale  parameter  characteristic  of  the  surface  strength  of  CVD  SiC 
material. 

The  Weibull  material  scale  parameter,  which  is  a  characteristic  of  the  specimen 
material  surface  strength,  can  be  determined  from  flexure  test  results  as  a  function  of  the  test 
scale  parameter,  p,  and  the  modulus,  m.  is  given  by, 

®0(S)  =  P  (3) 

The  variable  S'  represents  an  equivalent  surface  area  under  uniform  uniaxial  tensile  stress 
that  would  have  the  same  reliability  as  a  flexure  specimen  exposed  to  the  same  maximum  stress. 
S’  is  given  by  the  equation: 

S'  =  Ig  {  w  -I-  [t  /(w  +  1  )]  }  k  (4) 
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where  Ig  is  the  flexural  specimen  inner  gage  length,  w  is  the  specimen  width,  and  t  is  the 
specimen  thickness.  The  factor  k  accounts  for  the  possibility  of  failures  between  the  inner 
and  outer  gage  points,  and  is  given  by, 

k  =  [w  +  (L/lg)]/(An+ 1]  (5) 

where  L  is  the  outer  gage  length. 

When  strength  distributions  based  on  experimental  evaluation  of  the  strength  of  brittle 
materials  deviate  from  a  Weibull  distribution,  such  deviation  may  be  due  to  the  existence  of 
more  than  one  distribution  of  failure-initiating  defects  in  the  as-fabricated  specimens. 

The  Weibull  cumulative  probability  of  failure,  F  =  1  -  R,  for  a  group  of  identical 
specimens  tested  under  identical  conditions  can  be  evaluated  through  the  use  of  a  ranking 
estimator  as  a  function  of  specimen  strength.  For  this  analysis  effort  the  Median  Rank  Estimator 
was  used  [4].  For  each  data  set  the  specimen  strengths  were  ordered  from  weakest  to  strongest 
and  the  failure  probability  was  determined  for  each  specimen.  The  median  rank  estimator  is 

F  =  (  nj  -  0.5  )  /  N  (6) 

where  nj  is  the  rank  of  the  ith  specimen  and  N  is  the  total  number  of  specimens  in  the  group. 

The  determination  of  the  Weibull  parameters  was  accomplished  through  a  linear 
regression  analysis  based  on  the  two-parameter  Weibull  distribution  (Equation  1): 

log{  -ln(R)  }  =  log!  1/p'"  }  +  m  log{  o  }  (7) 

Equation  (7)  corresponds  to  the  linear  equation 

Y  =  A-i-bX  (8) 

where  Y  =  log{  -ln(R)  },  A  =  log  {  1/P'"  },  b  =  m,  and  X  =  log{  a  }. 

Slow  Crack  Growth  and  Minimum  Time  to  Faiture 

Ceramic  materials  are  also  susceptible  to  delayed  failure  due  to  a  phenomenon  known 
as  "slow  crack  growth."  Failure  results  from  stress-assisted  growth  of  subcritical  flaws  to  a 
critical  size  in  the  presence  of  moisture  or  other  corrosive  environments.  The  factors  governing 
the  rate  of  subcritical  crack  growth  in  a  given  environment  must  be  determined  before  a  relation¬ 
ship  between  applied  stress  and  failure  probability  can  be  determined. 

Tests  on  a  number  of  brittle  materials  have  demonstrated  that  the  rate  of  crack  growth 
increases  as  the  water  content  of  the  environment  increases  [13].  The  rate  of  crack  growth  has 
been  demonstrated  to  exhibit  a  power-law  relationship  with  the  stress  intensity  level,  K,  [5]: 
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where  K,  =  Y  ^  n  is  the  slow  crack  growth  exponent,  and  v,,  and  A  are  alternative  second 
crack  growth  parameters. 


Integration  of  Equation  (9)  yields  a  relationship  that  can  be  used  to  calculate  the 
minimum  time,  t^j^,  that  a  specimen  or  component  will  survive  when  exposed  to  a  constant 
maximum  applied  tensile  stress,  [2]. 
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This  can  be  simplified  to 
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where  the  initial  value  of  the  stress  intensity  is  given  by 

K,=  Ya,cf'  (12) 

The  variable  Cj  is  the  size  of  the  maximum  flaw  in  the  region  of  maximum  stress,  when 
the  component  enters  operation.  The  parameter  Cf  is  the  size  of  the  largest  flaw  when  t  =  t^j 
Assuming  that  the  part  fails  at  t  =  t^j^. 


Using  the  above  relationships,  the  time  to  failure  can  be  estimated  for  any  applied  stress  and 
failure  probability  if  the  Weibull  parameter  m,  Oj,  K|(.,  crack  growth  rate,  n  and  B  are  known. 

Past  experience  at  UDRI  has  shown  that  n  and  B  are  best  determined  by  using  "dynamic 
fatigue"  techniques  (most  economical  relative  to  test  time  and  material  required).  The  material 
of  interest  is  tested  to  obtain  its  inert  strength  at  a  very  high  loading  rate  in  liquid  nitrogen. 

Three  or  more  loading  rates,  each  separated  by  at  least  an  order  of  magnitude,  are  then  performed 
in  a  corrosive  environment.  Using  a  relationship  between  the  applied  stressing  rates  and  the 
fracture  stress,  n  and  B  can  then  be  calculated. 

Dynamic  Fatigue  Analysis  of  Slow  Crack  Growth  Parameters 

The  minimum  time  to  failure  Equation  (11)  may  be  written  in  a  simpler  form  using  an 
alternative  second  slow  crack  growth  parameter,  B,  which  may  be  determined  through  a  dynamic 
fatigue  approach  [6,7]: 
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The  intrinsic,  fast-fracture  (zero  crack  growth),  strength  of  the  component  is  o,  and  the 
alternative  second  slow  crack  growth  parameter,  B,  is  given  by 

B  = - -  -  (15) 

(n-2)AY^K<f> 

The  analytical  basis  for  the  dynamic  fatigue  approach  is  the  crack  growth  rate  power 
law  relationship  described  in  Equation  (9).  The  integration  of  the  crack  growth  rate  equation 
is  carried  out  with  the  assumption  that  the  stress  rate,  d,  is  constant.  With  such  an 
assumption. 

Of  =  <5B(n-H  1)0-  (16) 

where  Of  is  the  failure  stress  of  a  specimen  or  part  tested  at  a  constant  stress  rate,  <5.  Taking 
the  natural  logarithm  of  Equation  (16)  yields. 
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This  may  be  linearized  to. 
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Flexure  tests  at  two  or  more  constant  stress  rates  in  a  water  environment,  combined  with 
knowledge  of  the  intrinsic  strength  of  the  material,  provides  the  basis  for  evaluation  of  the 
linear  equation  variables  a,  and  aj,  and  subsequently,  for  the  slow  crack  growth  parameters 
n  and  B.  Because  of  the  scatter  in  the  strength  of  brittle  materials  it  is  necessary  to  employ 
strength  values  at  equivalent  reliability  levels.  The  median  strength  (R  =  0.5)  for  each 
constant  rate  group  of  specimens,  as  well  as  the  median  strength  of  the  intrinsic  strength 
group,  provides  a  reliable  basis  for  this  calculation. 
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Experimental  procedure 


Test  Matrix 

The  test  matrix  for  this  study  was  developed  based  on  Weibull  analysis  of  four-point 
flexure  tests  on  30  specimens  and  dynamic  fatigue  testing  on  30  specimens  at  each  of  four 
loading  rates  (Table  1).  Past  experience  has  shown  that  a  sample  of  30  specimens  is  usually 
adequate  to  perform  a  Weibull  analysis  on  data  obtained  from  dense,  well  prepared, 
homogeneous,  brittle  materials.  In  this  study  extra  specimens  were  prepared  for  each  sample 
set  to  ensure  that  at  least  30  specimens  would  be  available  for  flexural  strength  tests  when 
Weibull  parameter  determinations  were  required.  If  more  than  30  specimens  survived  the 
cutting  and  finishing  process,  all  the  specimens  were  tested.  As  indicated  in  Figure  1,  the 
odd  numbered  specimens  were  obtained  from  near  the  deposition  surface  (top)  and  the  even 
numbered  specimens  were  obtained  from  the  substrate  side  of  the  bulk  material.  All  of  the 
specimens  tested  in  this  study  were  obtained  from  the  locations  shown  in  Figure  I . 


Table  I.  Number  and  Dimensions  of  Specimens  Tested 


Soecimen  Number  and  Dimension 

CTE  (Octe) 

6  specimens  (50  x  6.5  x  6.5  mm) 

Reflectivity  and  Zygo 

6  specimens  (38  mm  dia.  x  6  mm  thick) 

Optical  Absorption  and  TIS 

6  specimens  (38  mm  dia.  x  6  mm  thick) 

Thermal  Diffusivity  (aj£)) 

6  specimens  (13  mm  x  13  mm  x  2.5  mm) 

Specific  Heat  (Cp) 

3  specimens  (scrap  material) 

Density  (p) 

3  specimens  (flexure  specimens  were  used) 

Flexural  Strength  (Ojvior) 

total  of  150  four-point  bend  specimens  (50  mm  x  4  mm  x  3  mm) 

30  specimens  tested  at  -1 80°C 

30  specimens  tested  at  room  temperature,  4  stressing  rates  (120) 
4-point  bend  bars  (50  mm  x  4  mm  x  3  mm) 

Fracture  Toughness  (Kj^) 

10  specimens  (50  mm  x  5  mm  x  4  mm) 

Young's  Modulus  and 

Poisson's  Ratio 

8  specimens  (75  mm  x  13  mm  x  6.5  mm) 

Microhardness  (V^) 

used  Kjc  specimens  for  this  study 

X-Ray  Diffraction 

5  specimens  (broken  MOR  specimens  were  used) 

Metallography 

10  specimens  (broken  MOR  specimens  were  used) 

CVD  SiC 

CHARACTERIZATION 
CUTTING  DIAGRAM 
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Material 


The  bulk  material  used  to  prepare  specimens  was  a  pie-shaped  (120°  included  angle) 
piece  of  chemically  vapor  deposited  (CVD)  silicon  carbide  (SiC)  cut  from  a  0.5  mm  diameter  x 
25  mm  thick  plate  originally  deposited  by  Morton  International  Inc.  (MI),  Woburn,  MA.  The 
final  thickness  of  the  piece  was  16  mm;  8  mm  was  removed  from  the  as-deposited  side  and  1  mm 
from  the  substrate  side  by  diamond  grinding.  All  of  the  rectangular  specimens  used  in  the  study 
were  cut  from  the  bulk  material  as  shown  in  the  cutting  diagram  (Figure  1).  A  diamond  cutoff 
saw,'  using  diamond  embedded  saw  blades,^  was  used  to  cut  the  samples.  The  sample  sides 
were  ground  flat  and  parallel  with  a  grinding  wheeP  on  the  same  machine.  When  available,  four 
specimens  from  each  group  were  selected  for  each  set.  Disk-shaped  optical  specimens  were 
ultrasonically  machined  from  the  bulk  material  before  being  ground  flat  to  within  1/10  X  and  the 
edges  beveled  by  Chan  Kare  Corp,  Worchester,  MA.  Disk  specimens  were  final  polished  to  a 
surface  roughness  of  approximately  SA  rms  by  Janos  Corp,  Townshend,  VT. 

X-RAY  DIFFRACTION 

Crystallographic  studies  were  conducted  with  a  Norelco  x-ray  diffractometer  using  Ka 
Cu  radiation. 

Mechanical  properties 

Flexural  Strength 

Table  2  contains  the  actual  number  of  test  specimens  used  in  this  program  and  the  test 
conditions  for  each  group  of  specimens  tested. 


Table  2.  Program  Test  Matrix  for  Mechanical  Properties 


Group 

Number 

Rate  (m/s) 

Environment 

1 

32 

8.4  X  10-6 

2 

32 

8.4  X  10-5 

distilled  water 

3 

31 

8.4  X  10-6 

distilled  water 

4 

31 

8.4  X  10-7 

distilled  water 

5 

32 

8.4  X  10-8 

distilled  water 

'Harig  618  slicer. 

^Norton  ASD120  R100B99,  Norton  Company,  Worchester,  MA. 
3Radiac  ASD  120R75. 
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The  inert  or  fast  fracture  strength  of  CVD  SiC  was  determined  by  four-point  bend 
flexural  tests  conducted  in  a  liquid  nitrogen  environment  at  a  load  displacement  rate  of 
8.4  X  lO'^m/s  (0.02  in/min),  group  1  in  Table  2.  The  conditions  for  the  tests  were  chosen  to 
minimize  effects  of  slow  crack  growth  and  provide  a  sound  basis  for  the  determination  of  fast- 
fracture  or  inert-strength  Weibull  parameter  values. 

The  inert  strength  flexural  tests  employed  Size  B  specimens  as  identified  in  Mil-Std- 
1942 A,  4  mm  wide,  3  mm  thick,  with  an  outer  span  of  40  mm  and  an  inner  span  of  20  mm. 
Uniform  tensile  stress  loads  were  applied  over  the  20  mm  span  of  the  tensile  surface  of  the 
specimens.  A  group  of  32  specimens  obtained  from  each  MOR  group  (Figure  1)  was  tested. 

Oynamic  Fgtigug 

The  dynamic  fatigue  measurements,  groups  2  to  5  in  Table  2,  were  taken  using  the  same 
equipment,  specimen  preparation,  and  specimen  size  as  group  1 .  Dynamic  fatigue  tests  were 
conducted  to  obtain  surface-flaw  based,  slow  crack  growth  parameter  values  for  CVD  SiC. 
When  possible,  four  specimens  from  each  MOR  group,  two  from  the  top  and  two  from  the 
bottom,  were  selected.  The  water  environment  provided  a  worst-case  condition  to  assure  that 
parameter  values  were  conservative.  The  specimens  were  immersed  in  water  contained  in  a 
plexiglass  box  resting  on  the  testing  machine  platen. 

Fracture  Toughness 

The  fracture  toughness  (K|j.)  determinations  were  performed  using  a  controlled  flaw 
technique.  A  diamond  Vickers  indent  was  placed  on  the  tensile  surface  of  a  flexure  bar  using 
a  microhardness  test  apparatus.**  A  load  sufficient  to  obtain  cracks  at  the  corners  of  the  long 
diagonal  of  the  indent  was  used.  The  length  of  the  cracks  '”ere  measured  using  low  power 
optical  microscopy.  The  specimens  were  then  loaded  to  failure  in  a  Universal  testing  machine^. 
The  Kje  value  was  determined  using  the  following  formula: 

Kic2  =  2.06af(c/7i)‘/'2  (24) 

where  Of  =  flexure  strength  (MPa) 
c  =  radial  crack  extension  (m) 


^Zwicke  Hardness  3212  Testing  Machine,  E.  Windsor,  CT 
^Instron  Model  1 123,  Instron  Corp,  Canton,  MA 
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Physical  properties 

Young's  Modulus  and  Poisson's  Ratio 

A  resonant  frequency  apparatus*  was  used  to  analyze  the  flexural  and  torsional  vibrations 
on  a  75  mm  x  13  mm  x  6  mm  specimen  after  an  impulse  excitation.  From  these  results  the 
Young's  modulus  and  Poisson's  ratio  are  calculated. 

Vickers  Microhardness 

Vickers  hardness  measurements  were  made  using  the  rnicrohardness  tester^  with  a 
Vickers  indenter.  Measurements  were  obtained  from  the  polished  surface  of  fractured  flexural 
strength  test  specimens  using  a  100  gm  load. 

THERMAL  PROPERTIES 

Coefficient  of  Thermal  Expansion  tCTE) 

The  coefficient  of  thermal  expansion  (CTE)  measurements  were  obtained  on  a  double 
rod  quartz  tube  dilatometer®  using  a  NIST  739-Ll  fused  silica  standard. 

Thermal  Diffusivity 

Thermal  diffusivity  measurements  were  carried  out  on  a  Xenon  flash  lamp  apparatus. 

The  frontface  of  a  13  mm  x  2.5  mm  specimen  is  irradiated  with  an  energy  pulse  from  the  Xenon 
flashlamp.  The  resulting  temperature  profile  is  acquired  on  the  back  side  and  stored  on  a  digital 
storage  oscilloscope^  for  further  analysis. 

Specific  Heat 

Specific  heat  measurements  were  made  on  a  differential  scanning  calorimeter'®  using 
sapphire  as  the  reference  material. 

OPTICAL  PROPERTIES 

Calorimetry  Measurement  Apparatus 

Absorptance  of  SiC  was  measured  using  laser  rate  calorimetry  at  X  =10.6  mm.  This 
consists  of  a  source  laser"  operating  single  line  at  10.6  pm,  beam  steering  and  alignment  optics, 
a  vacuum  calorimeter  chamber,  and  data  collection  apparatus.  A  10.6  pm  beam  enters  the 

*Grindo  Sonic,  MK3,  W.  Lemmens  Co.,  St.  Louis,  MO. 

^Zwicke  Model  3212  Hardness  Testing  Machine. 

®Dilatronic  Dilatometer,  Theta  Industries,  Inc.,  Port  Washington,  NY. 

®Nicolet  Model  310  Digital  Storage  Scope. 

'®DuPont  Instruments  DSC2910,  New  Castle,  PA. 

'  'Coherent  Model  41  CO2 
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chamber  through  an  AR  coated  window,  strikes  the  sample,  and  is  reflected  back  through  the 
window  and  steered  into  a  power  meter.’’ 

Temperature  rise  within  the  sample  due  to  bulk  absorption  is  monitored  by  two 
thermocouples  separated  diametrically  by  180°  which  contact  the  sample  side.  Sensitivity 
is  80  iic/°C  of  temperature  change.  A  nano- voltmeter'^  amplifies  the  signal  and  the  data  are 
recorded  on  an  x-y  recorder.  Power  reflected  is  also  recorded. 

Absorptance  was  measured  at  one  location,  the  approximate  center  of  the  sample  di.sc. 
The  beam  size  was  approximately  5-6  mm. 

Spectral  Reflectance  Measurements 

A  Fourier  transfer  infrared  spectrophotometer  (FTIR)'‘*  was  used  to  collect  spectral 
reflectance  survey  scans  from  2,500  to  25,000  nm  on  all  of  the  samples.  This  instrument 
has  a  demonstrated  precision  of  four  decimal  places;  sufficient  to  clearly  separate  spectral 
differences  between  specimens. 

Total  Integrated  Scatter  (TISl 

TIS  was  measured  at  A,  =  0.6328  |im.  The  apparatus  used  to  determine  the  TIS  is 
illustrated  in  Figure  2.  The  specimen  is  located  near  the  midplane  of  a  hemispherical  collecting 
mirror  commonly  referred  to  as  a  Coblentz  sphere.  The  radiation  scattered  from  the  specimen 
is  imaged  on  a  detector,  and  the  reflected  radiation  is  directed  back  through  the  center  of  the 
entrance  hole  in  the  sphere  to  an  absorbing  target.  The  circular  entrance  hole  spans  an  angle  of 
approximately  2.5°.  The  angle  of  incidence  is  maintained  constant  at  1°  for  all  measurements. 
The  radiation  source  is  a  HeNe  laser  operating  at  633  nm.  Rotating  polarizers  may  be  used  for 
attenuating  the  laser  beam,  and  apertures  may  be  used  to  eliminate  diffraction  and  extraneous 
scattered  radiation.  The  Si  detector  output  signal  is  measured  with  a  suitable  amplifier. 

Raman  Data  Analysis 

It  has  been  well  established  that  the  width  or  the  position  of  a  Raman  line  can  change 
due  to  strains  introduced  by  either  residual  or  applied  stresses.  The  transverse  optical  mode 
(TO)  Raman  line  at  795  cm"  ^  was  recorded  using  a  double  spectrometer  modified  to  use  a 
liquid-nitrogen-cooled  CCD  array  detector.  The  795  cm"  ^  line  is  two-fold  degenerate  and  has 
been  observed  to  split  with  some  specimens  of  cubic  CVD  SiC,  presumably  due  to  layering. 


’Coherent  Model  201 
'^Kiethley  Model  148 
'^Nicolet  Model  740 


Figure  2.  TIS  measurement  apparatus. 

The  specimens  studied  here  showed  no  splitting.  Therefore,  the  behavior  of  the  full  width  at  half 
maximum  (FWHM)  of  the  Raman  line,  which  is  generally  sensitive  to  residual  strain  introduced 
by  the  fabrication  process,  was  measured. 

The  laser  spot  size  of  the  Raman  microprobe  dimensions  for  these  studies  was  less  than 
2  microns  wide  by  -10  microns  long.  The  narrow  dimension  was  aligned  parallel  to  the  top-to- 
bottom  direction  to  give  high  spatial  resolution  in  the  direction  of  translation.  The  laser  was 
operated  at  532  nm  with  less  than  1  mW  average  power  incident  on  the  specimen.  Spectrometer 
resolution  Was  about  two  pixels  or  0.7  cm“l  with  the  measured  widths  ranging  from  2.8  to 
4.7  cm'^.  All  measurements  were  taken  with  the  specimens  at  room  temperature. 
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DISCUSSION  OF  RESULTS 

The  number  of  specimens  prepared  for  testing  and  their  dimensions  are  shown  in 
Table  1.  The  specimen  locations  were  selected  from  a  variety  of  locations  within  the  plate  to 
provide  information  on  the  consistency  of  the  material's  mechanical  properties.  An  analysis  of 
variance  was  performed  on  the  data  to  determine  if  a  statistically  significant  difference  existed 
in  the  mechanical  properties  of  specimens  taken  from  the  various  locations. 

In  this  report  any  reference  to  the  substrate  side  (bottom)  of  the  bulk  material  is  referring 
to  the  material  deposited  nearest  the  graphite  substrate  (initial  material  deposition).  Reference  to 
the  deposition  side  (top)  refers  to  the  material  nearest  the  final  deposition  surface. 

In  order  to  ascertain  if  CVD  SiC  from  the  large  arc  section  used  in  this  study  was 
comparable  to  previously  characterized  material  obtained  from  smaller  furnaces,  x-ray 
diffraction,  and  metallographic  analyses  were  performed.  These  tests  were  used  to  determine 
crystal  structure,  possible  preferred  crystallographic  orientation,  grain  size,  void  and/or  inclusion 
content,  and  general  surface  conditions  of  polished  specimens  prior  to  further  testing.  Specimens 
for  these  studies  were  selected  from  various  positions  within  the  bulk  material  (Figure  1). 
Specimens  also  were  prepared  and  tested  to  obtain  thermal,  optical,  and  physical  properties 
from  various  positions  in  the  bulk  to  further  verify  the  homogeneity  of  the  material. 

The  specific  heat  (Cp),  coefficient  of  thermal  expansion  (CTE),  thermal  diffusivity  (jx), 
density  (p),  and  Vickers  microhardness  (VMH)  were  determined.  Optical  properties  studied 
included  total  integrated  scatter,  absorption,  and  reflectance. 

CRYSTALLOGRAPHY 

X-ray  diffraction  results  (Table  3)  obtained  from  a  specimen  16  mm  thick  indicated  the 
material  was  P  SiC  (Figure  3)  throughout  the  thickness.  Minimal  differences  of  intensity  in  the 
three  orthogonal  directions  showed  the  amount  of  preferred  orientation  to  be  minimal  even 
though  the  growth  habit  of  the  grains  is  "needle  like."  There  was  no  indication  of  any  hexagonal 
phases. 


Table  3.  X-ray  Diffraction  Results 


SiC  Side  ± 

SiC  Bottom 

SiC  Top 

20 

I 

d(A) 

20 

I 

d 

20 

I 

d 

35.75 

100 

2.512 

35.80 

100 

2.508 

35.90 

2.501 

41.50 

9 

2.176 

41.55 

4 

2.173 

41.65 

4 

2.168 

60.05 

38 

1.541 

60.10 

21 

1.539 

60.25 

41 

1.536 
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Figure  3.  Schematic  of  P  SiC  crystallographic  structure. 

MICROSTRUCTURAL  ANALYSIS 

Micrographs  of  the  as-received  material  are  represented  in  Figures  4  through  6.  These 
show  typical  microstructures  observed  on  specimens  taken  from  various  locations  in  the  bulk 
material. 

Figure  4  shows  the  small  grain  size  found  on  material  deposited  late  in  CVD  deposition 
run.  Much  larger  grmns,  shown  in  Figure  5,  are  a  result  of  the  bulk  material  being  held  at  the 
deposition  temperature  for  a  long  period  of  time  (~72  hours).  The  typical  elongated  "needle  like" 
CVD  SiC  grain  structure  in  the  plane  of  the  growth  direction  is  shown  in  Figure  6. 


Figure  4.  Microstructure  of  CVD  SiC  near  deposition  surface. 
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Figure  5.  Microstructure  of  CVD  SiC  near  substrate  surface. 


Figure  6.  Microstructure  of  CVD  SiC  in  the  plane  of  the  growth  direction 


Mechanical  Properties 


Figxural..§tcsnglh 

Inert  flexural  strength  values  for  specimens  tested  in  liquid  nitrogen  at  a  loading  rate  of 
8.4  X  10"^  m/s  (0.02  in/min)  are  shown  in  Table  4.  The  results  of  the  dynamic  fatigue  flexural 
strength  testing  in  water,  at  four  loading  rates  over  four  orders  of  magnitude,  are  shown  in  Tables 
5  through  8. 

Table  4.  Flexural  Strength  Results  for  CVD  SiC  Tested  in  Liquid  Nitrogen  at  a  Loading  Rate  of 

8.4  X  10'^  m/s  (0.02  in/min) 


Flexural  Strength 

Specimen  Number 

(ksi) 

(MPa) 

C-4 

34 

236 

G-4 

36 

253 

J-4 

36 

254 

H-2 

38 

265 

B-4 

40 

279 

C-2 

43 

297 

H-3 

44 

303 

F-2 

44 

308 

D-1 

44 

308 

D-4 

45 

317 

E-1 

46 

322 

C-1 

47 

325 

G-2 

48 

334 

E-4 

50 

350 

E-2 

52 

361 

F-3 

53 

368 

H-1 

53 

370 

E-3 

54 

372 

H-4 

54 

374 

G-1 

54 

374 

G-3 

54 

376 

F-4 

54 

377 

F-1 

55 

380 

B-2 

57 

398 

D-2 

59 

409 

J-1 

59 

410 

J-?. 

60 

417 

C-3 

61 

427 

B-3 

62 

432 

J-3 

63 

438 

B-1 

66 

460 

D-3 

68 

475 

Average 

51.5 

355 

Std.  Dev. 

9.1 

62 
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Table  5.  Flexural  Strength  Results  for  CVD  SiC  Tested  in  H2O  at  a  Loading  Rate  of 

8.4  X  10'^  m/s  (0.02  in/min) 


Table  6.  Flexural  Strength  Results  for  CVD  SiC  Tested  in  H2O  at  a  Loading  Rate  of 

8.4  X  lO'^  m/s  (0.02  in/min) 


Table  7.  Flexural  Strength  Results  for  CVD  SiC  Tested  in  H2O  at  a  Loading  Rate  of 

8.4  X  10'^  m/s  (0.002  in/min) 


Flexural  Strength 

Specimen  Number 

(ksi) 

(MPa) 

H-16 

23 

160 

H-14 

32 

224 

C-15 

33 

229 

J-15 

35 

247 

E-15 

38 

263 

F-13 

39 

272 

E-14 

40 

276 

B-16 

40 

278 

J-13 

42 

290 

F-16 

43 

297 

F-14 

43 

302 

H-13 

44 

305 

E-13 

45 

315 

G-16 

47 

324 

G-13 

47 

325 

C-13 

48 

334 

B-14 

49 

339 

C-16 

50 

347 

J-14 

51 

355 

J-16 

52 

361 

B-15 

53 

367 

D-15 

53 

368 

C-14 

53 

369 

F-15 

54 

375 

B-13 

54 

375 

G-14 

54 

377 

D-13 

55 

384 

D-14 

56 

386 

D-16 

57 

398 

G-15 

57 

399 

E-16 

59 

410 

H-15 

59 

413 

Average 

47.4 

327 

Std.  Dev. 

8.9 

61 
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Table  8.  Flexural  Strength  Results  for  CVD  SiC  Tested  in  H2O  at  a  Loading  Rate  of 

8.4  X  10’®  m/s  (0.0002  in/min) 


Flexural  Strength 

Specimen  Number 

(ksi) 

(MPa) 

H-18 

20 

141 

H-20 

23 

158 

J-I7 

32 

222 

F-19 

33 

233 

G-19 

36 

251 

E-19 

37 

261 

F-17 

42 

291 

B-17 

42 

296 

C-20 

43 

298 

E-17 

44 

305 

B-18 

44 

307 

E-20 

44 

309 

M9 

44 

310 

F-20 

45 

315 

B-20 

45 

315 

F-18 

47 

326 

D-18 

47 

327 

G-18 

47 

328 

G-17 

47 

328 

D-19 

49 

339 

E-18 

49 

340 

C-19 

49 

340 

G-20 

50 

347 

J-18 

50 

349 

J-20 

50 

351 

C-17 

51 

354 

D-20 

52 

365 

H-19 

54 

375 

D-17 

55 

384 

H-17 

57 

395 

C-18 

61 

421 

Average 

45.3 

312 

Std.  Dev. 

9.0 

62 

Although  the  average  strength  results  are  lower  than  previously  tested  CVD  SiC 
depositing  runs,  the  strengths  obtained  are  still  quite  high  for  monolithic  ceramics.  The  lower 
strengths  may  be  due  to  the  larger  than  usual  grains  resulting  from  the  longer  CVD  deposition 
times  for  this  deposit  which  is  4-10  times  thicker  than  previous  MI  CVD  material  tested  at 
UDRI. 
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The  linear  regression  relationship  employed  to  evaluate  the  inert  strength  Weibull 
parameters  is  illustrated  in  Figure  7,  and  the  corresponding  Weibull  failure  probability  versus 
failure  stress  is  plotted  in  Figure  8. 


log  (StrengDi,  MPa) 


Figure  7.  Linear  regression  fit  of  Weibull  flexural  test  data. 


strength  (MPa) 


Figure  8.  Weibull  failure  probability  versus  strength  plot  of  flexural  specimens  tested  in  liquid  nitrogen. 
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The  results  of  the  Weibull  inert  surface  strength  evaluation  are: 

Weibull  Modulus,  m:  6.77 
Weibull  Scale  Parameter,  a®:  97.46  MPa  m(2/«) 
Average  Strength:  355.2  MPa 
Weibull’Based  Median  Strength:  360.4  MPa 

Slow  Crack  Growth 


The  linear  relationship  between  ln(stress  rate)  and  ln(median  strength)  employed  by  the 
dynamic  fatigue  approach  to  evaluate  the  slow  crack  growth  parameters  is  illustrated  in  Figure  9. 
The  results  of  the  Weibull  analysis  of  all  flexure  tests  listed  in  Table  2  are  summarized  in  Table  9. 


The  results  of  the  dynamic  fatigue  evaluation  of  slow  crack  growth  parameters  for  CVD 
SiC  Size  B  Flexure  specimens  are: 

Slow  Crack  Growth  Exponent,  n:  216 

Slow  Crack  Growth  Parameter,  B:  7.88E>6  sec  MPa^. 
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Figure  9.  Dynamic  fatigue  results  for  CVD  SiC. 
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Table  9.  CVD  SiC  Flexure  Test  and  Weibull  Analysis  Results 


CVD  SIC  POUR-POINT  BEND  FLEXURE  SPECIMENS.  SIZE  B,  3mm  x  4mm  x  50mm 


Displacement  Rate 

Test  Envrionment 

Test  Purpose 

cm/min 

5.08E-02 

Uq.Ni 

Inert 

5.C8E-01 

Water 

Dyn.Fat 

5.08E-02 

Water 

Dyn.Fat 

5.08E-03 

Water 

Dyn.Fat 

5.08E-04 

Water 

Dyn.Fat 

Weibull  Modulus 

Weibull  Scale  Parameter 

MPa*m^(2/m) 

6.77 

97.46 

5.53 

67.52 

5.26 

59.78 

5.90 

74,31 

5.08 

56.05 

Flexure  Bar  Median  Strength 
Average  Strength 

MPa 

MPa 

360.3 

355.3 

332.9 

327.8 

319.4 

315,2 

331.9 

327.2 

317.2 

312.3 

Effective  Surface  Area.  S' 
Average  Stress  Rate 

Number  of  Specimens  Tested 

m''2 

MPa/sec 

9.85E-05 

5.13E+00 

32 

1 .02E-04 

1  99E+02 

31 

1.03E-04 

1.99E-t-01 

32 

l.OlE-04 

1.99E+00 

32 

1  04E-04 
1,99E-01 

31 

Inspection  of  Figure  9  indicates  that  the  slope  of  the  plotted  line  is  very  close  to  zero 
which  indicates  that  CVD  SiC  is  not  subject  to  slow  crack  growth.  The  results  of  this  evaluation 
indicate  that  CVD  SiC  exhibits  a  negligible  propensity  for  slow  crack  growth.  Results  of 
dynamic  fatigue  flexure  tests  show  that  the  stress  rate  has  very  little  effect  on  the  median  strength 
of  the  four  test  groups. 

PHYSICAL  PROPERTIES 

Young's  Modulus  and  Poisson's  Ratio 


The  results  of  the  resonant  frequency  room-temperature  Young's  modulus  determin¬ 
ations,  obtained  from  eight  specimens,  taken  from  various  locations  (Figure  1 )  within  the  bulk 
material,  are  shown  in  Table  10.  These  results  are  typical  of  homogeneous,  pore-free  CVD 
SiC.  They  are  among  the  highest  values  ever  recorded  for  polycrystalline  SiC. 


Table  10.  CVD  SiC  Young's  Modulus  as  Determined  by  Resonant  Frequency  Technique 


Nearest  Surface 

Locations 
(see  Figure  1 ) 

Young's  Modulus 

GPa  (xlO^  psi) 

Deposition  Surface 

Location  N 

460.9  (66.9) 

Substrate  Surface 

Location  N 

461.5(67.0) 

Deposition  Surface 

Location  O 

464.1  (67.4) 

Substrate  Surface 

Location  O 

460.5  (66.8) 

Deposition  Surface 

Location  P 

461.7  (67.0) 

Substrate  Surface 

Location  P 

462.0  (67.1) 

Deposition  Surface 

Location  Q 

463.7  (67.3) 

Substrate  Surface 

Location  Q 

461.6  (67.0) 
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Fracture  Toughness 

The  fracture  toughness  (Kj^)  values  for  10  specimens  is  given  in  Table  1 1 .  These  values 
are  typical  for  CVD  SiC  material  obtained  from  MI  during  the  development  program. 


Table  1 1 .  Fracture  Toughness  (Kj^)  Results  Obtained  by  the  Controlled  Flaw  Technique 


Specimen 

Number 

Average  Crack 
Extension  (jim) 

Fracture  Toughness 
(MPa  nv^) 

A-1 

87.5 

2.5 

A-2 

71.5 

2.5 

A-3 

83.0 

2.2 

A-4 

97.5 

2.5 

A-5 

67.5 

2.1 

A-6 

97.5 

2.6 

A-1 

77.0 

2.4 

A-8 

63.0 

2.3 

A-9 

55.0 

2.1 

A- 10 

98.5 

2.5 

I-l 

81.8 

2.8 

1-2 

97.0 

2.6 

1-4 

90.0 

2.5 

1-5 

102.0 

2.5 

1-6 

101.5 

2.5 

1-7 

94.0 

2.7 

1-9 

98.8 

2.2 

I- 10 

108.5 

2.6 

Microhardness 

Results  of  the  Vickers  Microhardness  tests  are  found  in  Table  12. 


Table  12.  Microhardness  of  CVD  SiC 


Test  Temperature:  70°F(21°C) 
Crosshead  Speed;  8.4x1 0'^m/s 
(0.02  in/min) 

Relative  Humiditv.  55% 

Average 

Standard  Dev. 

2.4 

0.2 

Indenter  Load  Used:  100  g 

Spec.  No. 

Vickers  Hardness  (kg/tnml 

A1 

2264 

A3 

2083 

A7 

2241 

12 

2231 

18 

2124 

Avg.  2199 
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Thermal  properties 


Coefficient  of  Thermal  Expansion  (GTE) 

The  results  of  the  CTE  analysis,  over  various  temperature  ranges,  obtained  from  six 
specimens  are  given  in  Table  13.  A  least  squares  fit  of  the  data  for  the  six  specimens  is  shown 
in  Figure  10. 


Table  13.  CVD  SiC  Thermal  Expansion  (CTE) 


Temperature 

Range 

(°C) 

Coefficient  of  Thermal  Expansion  (mm/nim/°C) 

Top  -  deposition  surface;  Bottom  -  substrate  surface 

R-Top 

R-Bottom 

S-Top 

S-Bottom 

T-Top 

T-Bottom 

-150  to -100 

0.53 

0.55 

0.44 

0.64 

0.42 

0.43 

-100  to -50 

1.08 

1.09 

0.94 

1.15 

1.01 

0.98 

-50  to  0 

1.66 

1.67 

1.50 

1.69 

1.55 

1.56 

0  to  50 

2.09 

2.17 

2.02 

2.20 

1.98 

1.90 

5oto  100 

2.59 

2.62 

2.53 

2.67 

2.53 

2.48 

100  to  150 

3.15 

3.06 

3.05 

3.03 

2.99 

2.95 

150  to  200 

3.28 

3.45 

3.48 

3.43 

3.43 

3.45 

200  to  250 

3.67 

3.67 

3.81 

3.66 

3.75 

3.78 

250  to  300 

3.97 

4.02 

4.12 

4.01 

4.07 

4.08 

Heating  Rate;  300°C/hour 
Atmosphere;  Air 
Reference;  Fused  Silica 


Thermal  Diffusivity 

The  thermal  diffusivity  values  over  the  temperature  range  21°C  to  -175°C  is  given  in 
Table  14  for  the  six  specimens  measured.  The  reason  for  the  low  values  obtained  from  the 
U-Top  specimen  are  unknown.  The  specimen  was  retested  with  the  same  results  (within 
experimental  error). 
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Figure  10.  Least  squares  fit  of  CTE  data. 


Table  14.  Thermal  Diffusivity  Obtained  from  Bulk  Material  (Top  and  Bottom),  at  Locations 

U,  V,andW. 


Test 

Temperature 

Thermal  Diffusivity  (cm^/sec) 

Top  -  deposition  surface;  Bottom  -  substrate  surface 

°C 

U-Top 

U-Bottom 

V-Top 

V-Bottom 

W-Top 

W-Bottom 

21 

0.635 

1.004 

1.076 

0.963 

1.148 

-25 

0.787 

■■ 

1.321 

1.404 

1.339 

1.455 

-75 

1.019 

2.275 

1.836 

1.891 

1.824 

2.032 

-125 

3.175 

2.449 

2.664 

2.386 

2.893 

-175 

No  Data 

3.550 

No  Data 

3.118 

3.986 

Note:  An  Armco  Iron  standard  was  run  before  each  set  of  tests.  The  Armco  Iron  standard  test  results  were  adjusted, 
using  a  correction  factor,  to  a  thermal  diffusivity  of  0.202  cm^/s.  This  factor  was  then  used  to  correct  the  test  data. 
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A  plot  of  the  specific  heat  from  -  140°C  to  600°C  is  shown  in  Figure  1 1 .  The  plotted 
data  are  the  average  values  of  three  differential  scanning  calorimetry  (DSC)  measurements 
obtained  from  three  specimens. 


TEMPERATURE  (“  C) 

Figure  11.  Plot  of  the  specific  heat  results  for  CVD  SiC. 

Optical  properties 

Absorption  Measurement  Data  Reduction 

Measurement  of  optical  absorption  was  accomplished  using  laser  rate  calorimetry 
which  is  the  most  sensitive  and  most  accurate  (±15%)  conventional  technique.  Precision  of 
the  measurement  as  related  from  sample  to  sample  variations  and  measurement  repeatability 
is  better  than  ±  0.0005  for  the  specimens  tested. 

Table  15  summarizes  the  values  of  absorptance  (Pa/Pr)measured.  Each  column 
represents  a  remounting  and  re-measurement  of  the  absorption. 


Table  15.  CVD  SiC  Optical  Absorption  Results  for  X  =  10.6  pm 


Specimen 

Location 

Absorptance  (Pa/PR) 

No. 

10- » 

10- ‘ 

10- ‘ 

10-1 

Mean  x  10- 1 

L-top  SN  1 

i.26 

mgm 

Aleonox  Cleaned  1 .20 

1.25  ±.05 

L-bottom  SN  2 

1.28 

■■ 

1.28 

1 .28  ±  .006 

K-top  SN  3 

1.15 

1.15 

1.15  ±  .0003 

K-bottom  SN  4 

1.16 

1.16 

1.16  ±.0007 

M-top  SN  5 

1.30 

1.32 

1.32 

1.30 

1.31  ±.01 

M-bottom  SN  6 

1.29 

1.28 

1.25 

1.27  ±.02 

The  absorption  data  fall  into  two  statistically  significant  groups.  Four  specimens  group 
about  the  0. 1278  ±  0.025  absorptance  value.  The  other  two  specimens  average  absorptance  is 
0. 1 155  ±  0.007.  Repeated  measurements  confirmed  the  accuracy  of  these  values. 

Reflectance  Measurement  Results 

Reflectance  of  all  samples  was  measured  between  2,500  to  25,000  nanometers 
using  a  bare  gold  mirror  for  reference.  This  technique  did  not  yield  absolute  reflectance 
values  but  did  yield  highly  accurate  relative  reflectance  values. 

One  representative  sample  from  the  absorptance  group  is  shown  in  Figure  12. 
No  attempt  was  made  to  analyze  the  data,  however,  there  was  indication  of  a  slight  broadening 
of  the  reflectance  peak  in  the  10.6  pm  area  for  the  samples  with  lower  absorptance. 

Total  Integrated  Scatter 

Measurement  of  the  surface  finish  of  optical  components  is  of  considerable 
interest  in  assessing  the  quality  of  the  components  and  predicting  their  performance.  The 
measurement  of  total  integrated  scatter  (TIS)  provides  a  method  of  quantifying  surface  micro¬ 
roughness.  TIS  is  related  to  the  rms  surface  roughness  for  whose  topography  surfaces  satisfy 
certain  statistical  criteria  with  respect  to  the  randomness  of  the  amplitudes  and  the  spatial 
frequency  distribution  of  defects.  Table  16  summarizes  the  results  of  the  measurements  made 
on  the  six  silicon  carbide  specimens  identified  for  the  TIS  measurements  and  calculated  values 
of  hrms  (Figure  1). 

Janos  Corp.  reported  surface  roughness,  measured  by  contact  profilometry, 
to  be  better  than  SA  rms  on  all  six  specimens. 
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Table  16.  CVD  SiC  Total  Integrated  Scatter  (TIS)  Results  for  X.  =  0.6328 


Specimen  Number 

TIS  (xlO-^) 

hrms  (A) 

SN-1 

6.10 

12.2 

SN-2 

8.17 

14.4 

SN-3 

4.92 

11.1 

SN-4 

4.14 

10.2 

SN-5 

4.01 

10.1 

SN-6 

9.91 

15.7 

SILICON  CRRBIGC  3N  «S  VS.  BORF  (.OLD 


Figure  12.  Typical  reflectivity  curve  for  CVD  SiC. 
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Raman  Microprobe  Measurements 

Three  series  of  spectral  measurements  of  the  fuil  width  at  half  maximum 
(FWHM)  of  the  795  cm'l  Raman  line  were  made  to  determine  residual  stress  in  the  specimen. 
Figure  13  is  a  schematic  of  the  Raman  specimen  indicating  its  orientation  in  the  initial  CVD 
material  and  the  processing  of  the  surfaces.  The  first  series  shown  in  Figure  14  (i.e.,  the 
chamfer)  was  across  the  side  (plane  of  growth  direction)  from  the  deposition  (top)  surface 
in  10  pm  steps,  down  the  bevel  and  onto  the  side  of  the  specimen  towards  the  substrate  surface 
(bottom).  In  the  plane  of  the  side,  the  bevel  was  determined  to  be  180  pm  wide.  The  second 
series  given  in  Figure  15  was  again  across  the  side  of  the  specimen  from  the  top  to  the  bottom, 
except  that  tlic  first  four  steps  were  at  50  pm  intervals,  the  fifth  step  400  pm  from  the  top  and 
the  remaining  four  steps  at  1000  pm  (i.e.,  1  mm)  intervals.  At  the  first  six  positions  from  the 
top,  two  measurements  were  made  at  different  lateral  locations  to  characterize  the  variations  at 
the  same  transverse  position.  The  third  series  across  the  end  of  the  specimen,  also  in  Figure 
15,  consisted  of  the  first  step  at  tfie  top  surface,  two  steps  at  50  pm  intervals  followed  by  a 
step  at  500  microns,  with  the  remaining  four  steps  at  1000  micron  intervals  towards  the  bottom 
surface. 


Figure  13.  Diagram  of  Raman  microprobe  specimen. 

31 


AMPLITUDE  (a.u.)  c  AMPLITUDE  (a.u.) 


350 


WAVENUMBER  i/  (cm 

LORENTZIAN  FIT;  Amp-186±1X.  Vj,=795.15±0.002X.  FWHM=3.34±1 .9X.  Bock«»158.7±0.4X 

2  14.  Raman  spectral  line  broadening  due  to  residual  strain  on  the  side  of  the  specimen 
that  had  been  cut,  ground,  and  beveled  (i.e.,  chamfered). 


WAVENUMBER  (cm 


LORENTZIAN  FIT:  Amp-149±0.9X.  i/q-795.83±0.003X,  FWHM-4.68±2.1X.  Back«>197.7±0.4X 


Figure  15.  Raman  line  broadening  due  to  residual  strain  on  end  and  side  of  specimen. 


Data  reduction  was  accomplished  by  a  least  squares  fit  of  the  Lorentzian  line 
shape  function.  For  each  data  set,  the  pieak  height  above  background,  the  line  center  position, 
the  FWHM,  and  the  background  level  were  fit  as  free  parameters.  Three  examples  of  the  spectra 
are  included  (Figures  16  through  18),  the  solid  curve  is  the  fitted  function  and  the  data  are  given 


WAVENUMBER  v  (cm  ’) 

LORENTZIAN  F7T:  Amp«227±0.9*,  *'^-794.95*0.002311,  FWHM-3.23±1.53I1,  Bock- 138.3*0.4* 

Figure  16.  Raman  scan  on  the  bevel  of  the  cut  and  ground  side  150  |im  from  the  growth  surface. 


At  each  position,  thru  1400  nm  along  the  side  of  the  specimen, 
two  meosurements  were  mode  at  different  lateral  positions. 


Figure  17.  Raman  scan  on  the  diamond  cut  end  at  the  growth  surface  (0  |xm)  of  the  specimen. 
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Figure  18.  Raman  scan  on  the  diamond  cut  end  3500  |xm  from  the  growth  surface  of  the  specimen. 

by  the  open  circles.  Fitting  uncertainties  in  the  widths  (see  FWMH  on  the  graphs)  were  typically 
1.5  to  2.0  percent.  These  uncertainties  are  plotted  as  error  bars  on  the  graphs. 

In  materials  where  the  optical  penetration  depth  is  small,  typically  <  1  mm,  the 
width  of  a  Raman  line  is  a  sensitive  indicator  of  the  relative  amount  of  residual  stress  in  the  near 
surface  region.  This  width  depends  on  the  long  range  order  of  the  crystal  or  crystallites  being 
probed.  In  general,  cleaved,  single  crystal  surfaces  will  show  the  smallest  width. 

Surface  processing,  such  as  grinding  or  polishing,  introduce  localized  strains 
which  reduce  the  long  range  ordering  of  the  local  crystalline  environment.  This  loss  of  order 
broadens  the  Raman  line.  For  example,  polishing  with  a  coarse  grit  will  broaden  the  line  more 
than  polishing  with  a  fine  grit.  Thus,  the  broader  the  line,  the  greater  the  relative  residual  stress. 

Since  the  specimens  studied  here  are  polycrystalline,  the  residual  stress  can  vary 
from  grain-to-grain,  particularly  in  ground  surfaces.  This  is  clearly  seen  in  Figures  14  and  15. 

In  contrast,  the  data  in  Figure  15  for  the  cut  end  (no  grinding  or  polishing)  shows  a  constant 
width  over  more  than  4  mm  suggesting  a  uniform  but  small  or  zero  residual  stress  as  might  be 
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expected.  The  data  confirm  the  high  precision  of  our  results.  Moreover,  the  cut  end  data 
strongly  supports  the  conclusion  that  the  bulk  material  has  very  small  or  zero  strain  gradients 
which  suggests  no  bulk  strains  or  nearly  so. 

A  CVD  SiC  polished  specimen  surface  (~3A  rms  roughness)  and  its  ground 
beveled  (i.e.,  chamfered)  edge  were  also  scanned.  Figure  19  shows  a  comparison  of  the  Raman 
line  broadening  along  the  mirror  surface  and  down  along  the  side  (or  edge)  of  the  mirror.  Note 
the  high  residual  strain  in  the  polished  surface  versus  the  ground  bevel.  The  figure  shows  clear 
evidence  of  a  strain  gradient  over  a  distance  of  0.3-0.4  mm  in  the  beveled  edge  region.  From 
there  the  width  on  the  polished  face  are  nearly  uniform  and  significantly  smaller  than  for  the  cut 
end  data  in  Figure  15.  This  is  consistent  with  the  fineness  of  the  final  polishing  step  necessary 
to  fabricate  the  mirror  surface.  The  small  deviations  of  the  width  are  outside  the  fitting 
uncertainties  and  therefore  may  indicate  some  small  nonuniform  surface  strains  in  the  polished 
face.  The  data  on  the  side  of  the  mirror  specimen  shows  the  typical  variations  expected  for  a 
ground  surface,  but  with  somewhat  smaller  peak-to-peak  variations  than  shown  in  Figures  14 
and  IS. 


POSITION  FROM  EDGE  (/um) 

eeVEL  IS  ABOUT  310  Iim  WOE.  MEASUREMENTS  ON  THE  MIRROR  ARE  ALONG  A  RADIUS  FROM  OUTER  EDGE  OF  KVEU 
ON  THE  SIDE.  THEY  ARE  ALONG  A  UNE  PERPENDICULAR  TO  THE  POUSHED  FACE  STARRNG  BELOW  THE  BEVEL 

Figure  19.  Raman  spectral  line  broadening  due  to  residual  strain  on  polished  surface 

of  the  mirror  specimen  (surface  roughness  ~3  A  rms)  and  the  ground  and  beveled 
side  (or  edge). 
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Conclusions 


From  the  test  results  obtained  in  this  characterization  study  of  CVD  SiC,  it  can  be 
concluded  that: 

•  the  material  is  chemically  and  crystallographically  homogeneous; 

•  due  to  the  long  deposition  run  times  required  to  deposit  the  material  used  in  this  study  and 

esulting  larger  grain  size,  the  average  mechanical  strength  was  slightly  lower  than  the 
-ngth  of  material  (-6  mm  thick)  from  shorter  deposition  runs  measured  in  previous 
studies; 

•  there  is  no  statistically  significant  differences  in  mechanical  strength  when  comparing 
material  obtained  from  various  locations  within  the  bulk  material; 

•  the  thermal  and  optical  properties  were  consistent  for  material  taken  from  various 
locations  within  the  bulk,  further  confirming  the  homogeneity  of  the  material;  and 

•  Raman  microprobe  spectroscopy  indicated  that  there  is  no  detectable  residual  strain 
gradients  in  the  bulk  SiC  as  deposited,  however,  detectable  strain  is  present  after  grinding 
and  polishing  of  the  material. 
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